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The oxidation of species in the plasma plume during pulsed laser deposition controls
both the stoichiometry as well as the growth kinetics of the deposited SrTiO3 thin
films, instead of the commonly assumed mass distribution in the plasma plume
and the kinetic energy of the arriving species. It was observed by X-ray diffrac-
tion that SrTiO3 stoichiometry depends on the composition of the background gas
during deposition, where in a relative small pressure range between 10−2 mbars and
10−1 mbars oxygen partial pressure, the resulting film becomes fully stoichiometric.
Furthermore, upon increasing the oxygen (partial) pressure, the growth mode changes
from 3D island growth to a 2D layer-by-layer growth mode as observed by reflection
high energy electron diffraction. C 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4926933]
Oxide materials having a perovskite-type crystal structure are widely studied for their broad
range of properties and are considered to have great potential for electronic and energy-related
applications. For example, it has been shown that perovskite SrTiO3 exhibits a wide range of
interesting properties such as ferroelectricity, superconductivity, resistive switching, and thermo-
electricity. For this material, these properties are often related to impurity doping,1 strain,2 and/or
an imperfect or defective crystal, where the properties of the latter are mostly determined by (high)
concentrations of oxygen vacancies allowed by the stability of SrTiO3 under reducing conditions
due to the multivalency3 of Ti. Because of the relatively weak binding of the oxygen and the high
oxygen-ion mobility, vacancies can be introduced by annealing at low pressures (<10−5 mbars).
SrTiO3 crystals and thin films can be fabricated with varying oxygen vacancy concentrations, which
will transform the wide bandgap insulator into a good conductor. However, besides oxygen vacan-
cies, these properties can also strongly relate to the cation stoichiometry of SrTiO3 where even
marginal compositional variations lead to changes in electrical, dielectric, and thermal properties.4–6
Besides its interesting properties, SrTiO3 is widely used as model material system for funda-
mental studies on the influence of growth parameters on oxide thin film characteristics such as
crystal structure and surface morphology.4,7,8 This is because of its simple ABO3 cubic (A, B
being metal cations) perovskite structure as well as the possibility of homoepitaxial growth. Here,
thermodynamic factors such as lattice misfit can be excluded and the growth can be described
entirely kinetically, which is the basis of the current models describing pulsed laser deposition
(PLD) growth processes.9,10
In many studies of these kinetic processes on the effect of oxygen (partial) pressures, the
unavoidable variations in oxygen stoichiometry could be “repaired” by a simple post-annealing
procedure. On the other hand, any resulting variations in cation stoichiometry cannot be corrected
afterwards and therefore, a full control of the properties demands tuning of the cation stoichiometry
during the thin film growth processing. Most importantly, accurate PLD synthesis requires detailed
aElectronic mail: g.koster@utwente.nl
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knowledge on the relation between plasma plume characteristics and the obtained thin film cation
stoichiometry. The laser fluence and the background gas pressure influence the plasma plume and
have been previously reported to modify the (homo)epitaxial growth11,12 of SrTiO3.
A complex ablation process was suggested for a single crystal SrTiO3 target, where it was
shown that the composition of the SrTiO3 films changes immediately when the laser fluence is
reduced below a certain threshold13 even though congruent melting takes place. This emphasised
the importance of having a high control over the uniformity of the laser intensity at the target as
well as the pulse to pulse stability. From this work, an ablation fluence of 1.3 J/cm2 is suggested,
which is a widely used standard. Others observed a correlation between the laser fluence and the
out-of-plane lattice constant of the crystal structure7,14 in which a variation of lattice defects and
cation nonstoichiometry resulted in a lattice expansion. They concluded that instead of a threshold,
a specific optimal value for the laser fluence exists.
The role of the background pressure on the plasma is often related to the effect of back-
ground gas on the kinetic propagation characteristics of the expanding plasma plume.15 The relation
between the characteristics of the expanding plasma plume and the growth parameters has been
studied and led to a kinetic model for the pressure dependent propagation dynamics, with a change
of the propagation behaviour from thermalised to drag to ballistic. Most importantly, for a typical
target to substrate distance of 50 mm, this change occurs within a narrow pressure range from 10−2
to 10−1 mbars.16,17 Subsequently, an enhanced film smoothness was correlated to this increased
kinetic energy of species at lower background gas pressure.11,18–20
Here, we focus on the detailed investigation of the relation between synthesis and structural
properties of homoepitaxial grown SrTiO3 films in this small pressure regime between 10−2 and
10−1 mbars in which the change in propagation behaviour of the species abruptly takes place. As
these films are grown with a variation in background pressure of only one order of magnitude, it is
expected that the observed changes in thin film characteristics are dominated by variations in the
composition of the plasma plume, while no significant differences in oxygen vacancy concentration
are expected.
While we only present measurements that indirectly point to the role of the distribution and
chemistry of plasma species, our results indicate a strong dependence of the film kinetic growth
characteristics, morphology, and cation (non)stoichiometry on the ratio of oxidized and neutral
species in the plasma plume. Thin films with varying thicknesses have been grown for specific
deposition pressures and laser fluence conditions. The experimental results have enabled us to
propose a model to describe in more detail the relation between the structural properties of the
SrTiO3 films and the controlled growth parameters. We suggest that sticking and mobility of
species at the substrate surface are strongly related to its oxidation state, which is an intricate
balance between oxygen from the target material, oxidation during the propagation towards the
substrate by interactions with the oxygen background gas, and oxygen scavenging from the oxide
substrate.
Two sets of SrTiO3 thin film samples have been grown by PLD: the first series were grown at
an absolute pressure of 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1 mbars oxygen; for the second series we
used a mixture of oxygen and argon, where the total pressure was kept at 0.08 mbars and partial
pressures were 0.01, 0.02, 0.04, 0.06, 0.08 mbars of oxygen. In both cases, the growth temperature
was kept constant at 710 ◦C.
A combined chemical and thermal treatment was applied to achieve a single TiO2 termination
of the STO substrates.21 The laser fluence was set to 1.3 J/cm2 with a laser repetition rate at 1 Hz,
spot size of 2.3 mm2, and a target-substrate distance of 50 mm. All films were monitored during
growth using reflection high energy electron diffraction (RHEED) to study the growth kinetics,
surface morphology, and in-plane crystal structure. Furthermore, by monitoring the time-dependent
evolution of the specular spot intensity information is obtained about the kinetic growth charac-
teristics. Based on RHEED oscillations, the growth rate is determined (in the absolute pressure
range from 0.01 mbars to 0.1 mbars varying from 13 pulses per unit cell layer to 22 pulses per
unit cell layer, respectively). For a fixed total pressure, the variation is much smaller as expected,
see also Figures S1 and S2 of the supplementary material.22 Subsequently, X-ray diffraction (XRD)
was used for structural characterisation of the thin films, focussing on the changes in the out of
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FIG. 1. RHEED diffraction patterns after each deposition of 100 monolayers of SrTiO3 at indicated absolute oxygen
pressures. The arrows indicate a transition in the type of pattern corresponding to a 3D pattern at lower pressures and a
2D pattern above 0.06 mbars.
plane lattice constant by performing 2θ/ω symmetrical scans around the (002) Bragg reflection of
SrTiO3 as this is the strongest out-of-plane reflection. Based on RHEED oscillations the growth
rate is determined, which is translated to a total deposition time for growing 100 monolayers (ML).
For a bulk lattice constant of 3.905 Å, this results in 39 nm thick films. A nonstoichiometry, asso-
ciated with an increase in unit cell volume,23 will therefore result in a thicker film. After growth,
all films have been cooled down to room temperature with 50 ◦C/min at 100 mbars of oxygen
pressure.
The corresponding RHEED diffraction patterns in the [01] direction after growth of 100 mono-
layers are shown in Figure 1. Patterns were taken after subsequent cool down to room temperature
and at a base pressure of ∼10−7 mbars. On the outer left side, a typical diffraction pattern of
a TiO2 single terminated SrTiO3 substrate surface is shown. To the right, diffraction patterns of
SrTiO3 films deposited at increasing pressures are shown. The most striking qualitative difference is
the presence of a 3D or transmission pattern for growth pressures up to 0.06 mbars. Such 3D pattern
is formed by dominant transmission electron diffraction through small surface asperities on a rough-
ened surface, which was also confirmed by rocking the incident beam to ensure the fixed position
of diffraction spots on the phosphorus screen. Differences in overall intensity between images are
caused by a varying filament current or a small change in angle between sample and the grazing
electron beam, resulting in a slightly changed diffraction condition affecting the individual spot
intensity. The patterns at 0.08 and 0.1 mbars show clear 2D 0th-order spots, while for 0.1 mbars,
Kikuchi lines are also visible, indicating a high degree of crystallinity. These 2D patterns are very
similar to those of a typical (1 × 1) pattern of a single TiO2-terminated SrTiO3 substrate, indicating
that the top surface is atomically flat.
An investigation into the in-plane position of the diffraction spots, as emphasised with the
horizontal lines outlined to the substrate peak position, shows that for the films grown at highest
pressure conditions, the surface structure is identical to the substrate. Even the relative intensity
difference between the main and side spots shows qualitative resemblances to the substrate diffrac-
tion pattern. This weaker intensity of the side spots compared to the main specular spot has been
reported to be the signature of a TiO2 single terminated SrTiO3 substrate.24 Presumably, a mixed
terminated substrate will show stronger side spots as a result of a difference in structure factor
between strontium and titanium atoms.
Figure 2 shows the RHEED surface diffraction patterns in [01] direction after growth varying
the oxygen partial pressure, similar to Figure 1. Indicated with the arrows is the transition from a
3D to 2D surface diffraction pattern for the films grown at, respectively, 0.06 mbars and 0.08 mbars
oxygen partial pressure, a similar transition to the films grown at absolute oxygen pressure.
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FIG. 2. RHEED diffraction patterns after each deposition of 100 monolayers of SrTiO3 at indicated oxygen partial pressures,
where the total pressure was kept at 0.08 mbars by adding Ar; the two right-most panels represent samples grown at a total
pressure of 0.1 mbars. The arrows indicate a transition in the type of pattern corresponding to a 3D pattern at lower pressures
and a 2D pattern above 0.06 mbars.
Next, we investigate the structural properties of the grown films. Figure 3 shows 2θ/ω symmet-
rical scans around the (002) Bragg reflection of SrTiO3 for samples grown at absolute (a), and
partial (b) oxygen background gas pressure from 10−2 to 10−1 mbars.
For the films grown at absolute background gas pressure, films grown at pressures of 0.01, 0.02
and 0.04 mbars show clear film peaks indicated with a red arrow. The corresponding lattice param-
eters for these pressures are respectively 3.927 ± 0.001 Å, 3.935 ± 0.001 Å, and 3.933 ± 0.001 Å.
At 0.06 mbars, a striking transition is observed in the position of the film peak shifting towards
the substrate peak, visible as a shoulder peak next to the substrate peak. For the film grown at
0.08 mbars, no distinguishable film peak is present. For the film grown at 0.1 mbars, a shoulder peak
is again visible. The shift in peak position left from the substrate peak corresponds to an increase
of the film c-axis with respect to the substrate and therefore to an increased unit cell volume. This
is caused by nonstoichiometry, or point defects in the lattice. As for the film grown at 0.08 mbars
the film is nearly indistinguishable from the substrate, this film is most stoichiometric. For all films,
Kiessig fringes around the film peaks are observed resulting from the coherence between individual
layers in the film and indicate high crystalline quality.
Figure 3(b) shows similar measurements for the films grown at oxygen partial pressures. As
indicated, total pressure is kept at 0.08 mbars. The measurement indicated with 0.00 mbar repre-
sents the results on a sample grown at pure 0.08 mbars argon pressure. Deviating from the total
pressure of 0.08 mbars, the top measurement is the result of a film grown at a total pressure of
0.1 mbars, with partial pressure of 0.08 mbars oxygen.
Unlike the films grown at absolute oxygen pressure, showing a more abrupt transition in film
peak position with increasing pressure, a more gradual transition is observed for increasing partial
pressure. The peak position increases towards the value of the substrate peak. For the films grown at
0.06 mbars and 0.08 mbars partial pressure, the film is nearly indistinguishable from the substrate.
The film grown at 0.1 mbars shows again a clear shoulder. In all measurements, Kiessig fringes
indicate a high degree of crystallinity. Again, as the increase in unit cell volume is the result of point
defects in the film lattice, the increase in oxygen partial pressure results in a decrease in defects
related to an improved stoichiometry up until a nearly stoichiometric film grown at 0.06 mbars
oxygen partial pressure.
For a further quantification of the out-of-plane XRD scans, measurements are simulated and
fitted using the model given by Stepanov (Stepanov X-ray server).25 The main focus of this investi-
gation is the accurate determination of the position of the film peak and the lattice parameter of the
film. Furthermore, from the fits of the Kiessig fringes the film thickness was determined. The results
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FIG. 3. XRD 2θ/ω scans for SrTiO3 film grown at absolute (a) and partial (b) oxygen pressure around the (002) Bragg
reflection of the SrTiO3 substrate. Film peaks are indicated with the red arrows, where the peak positions for the films grown
in oxygen partial pressure show striking trends with increasing pressure.
of the simulations and relevant parameters are given in Table I. See the supplementary material for
details.22 For most films, a simple one-layer system with high crystallinity, a specifically chosen
d-spacing and thickness would result in fairly accurate simulations. Only for the film grown in pure
argon (pO2 = 0.00), the overall crystallinity simulated with the so called Debye-Waller coefficient
of 0.4 strongly deviated from 1, or perfect crystallinity.
Small deviations in the simulations with the respect to the measurements were corrected by the
introduction of an extra thin second layer in between (†) or on top (‡) of the film, characterised by a
low crystallinity, large roughness, and deviating lattice constant. Although the values for the chosen
physical parameters are likely to be unreliable, as these parameters have interchangeable effects on
the simulations, the qualitative presence of such a second layer could be very well explained in the
form of a layer representing slight surface roughening, which is the case for all films. Nonetheless,
due to their limited relevance, no further attention will be given to this extra top layer.
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TABLE I. Film (002) Bragg reflection position shift as percentage of the
substrate da/a (%) (SrTiO3 c-axis is 3.905 Å), and corresponding film
thickness d (Å). Note: (∗) A Debye-Waller coefficient of 0.4 was used, likely
corresponding to a strong decrease in crystallinity. (†) A monolayer thick
interface layer was introduced between film and substrate with deviating
d-spacing. (‡) A 10 Å thin layer with deviating d-spacing on top of the film
was used to correct deviations between simulation and measurements.
pO2 (mbar) da/a (%) d (Å)
0.00∗ 1.9 330
0.01 1.5 350
0.02 1.2 350
0.04 0.6 290
0.06† 0.02 370
0.08‡ 0.05 380
0.08/010‡ 0.06 390
010‡ 0.14 390
Summarising, the outcome of these simulations is that with increasing partial pressure the
d-spacing increases and for the film grown at 0.06 mbars oxygen partial pressure the d-spacing
matches the substrate, while further increasing the pressure the d-spacing increases again. Assum-
ing that the substrate material represents stoichiometric SrTiO3 the 0.06 mbars film material should
also be stoichiometric. Furthermore, the thickness determined from these simulations is deviating
from the original aim of a 100 ML (39 nm) thick films based on the first RHEED oscillations. Based
on additional experiments varying the total thickness (see Fig. S4 of the supplementary material22),
a SrTiO3 film is initially formed with nearly perfect stoichiometry and, therefore, no significant
change in c-axis. This would make these initial layers indistinguishable from the substrate for XRD.
After a certain amount of layers, the film stoichiometry changes, forming the second layer with an
increased c-axis and corresponding thickness obtained from the Kiessig fringe periodicity.
Finally, we studied the dependence of the stoichiometry on the laser fluence. In Figure 4, XRD
scans are shown of samples deposited using different laser fluences (maintaining the same spot
size). Figure 4(a) shows samples grown at an absolute oxygen pressure of 0.01 mbars. Figure 4(b)
shows films grown at a oxygen partial pressure of 0.01 mbars with a total pressure of 0.08 mbars.
When depositing in the ballistic regime, the laser fluence did affect the stoichiometry of the films,
as can be concluded from the position of the main film peak, whereas when depositing above
the diffusive threshold the peak position did not change and therefore the stoichiometry remains
constant.
The results from the growth and structural investigation of homoepitaxially grown SrTiO3 films
show a significant dependence of film characteristics on the background gas pressure conditions.
Regarding film structural characterisation, a strong dependence of the c-axis of the film as func-
tion of pressure is observed. Regarding growth kinetics, with increasing pressure, layer-by-layer
growth was more strongly maintained, indicating improved film smoothness, supported by the
surface diffraction patterns which show a similar 3D to 2D transition. Kinetically, improved film
smoothness implies an improved diffusion, or mobility of particles on the substrate.
Current growth models suggest a pressure dependent diffusion activation energy, which in-
creases with increasing pressure, in specifically the pressure regime focus of this research between
10−2 and 10−1 mbars. It is assumed that the increase of activation energy with increasing pressure is
the result of the thermalisation of arriving species, which happens in exactly this pressure regime.
Subsequently, relaxation is slower at higher pressures, resulting in surface roughening. The model
therefore assumes that just the changing kinetics of arriving species affects the relaxation on the
substrate.
This work points to an additional important parameter, namely, the oxidation of species in the
plasma. When looking at films grown in absolute pressure, surface smoothening is observed with
increasing pressures due to enhanced diffusivity related to the oxidation of the arriving species.
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FIG. 4. XRD θ–2θ scans of films grown at different laser fluences at 0.01 mbars absolute (a) and partial pressure (b).
The results on the samples grown at partial pressures where a similar transition in the surface
morphology is observed, independent of the kinetic energy of the species, support the oxidation
model. What is overlooked in the kinetic model is the nature of species that arrive on the growth
surface and its subsequent diffusion and relaxation behaviour.
From the XRD simulation we derived the film thicknesses and observed that they are deviating
from the estimated thickness from the RHEED oscillations, with the exception of the film grown
at highest pressure where the thickness estimated from both XRD as well as RHEED agree. The
question is what is causing the deviating film thickness based on the Kiessig fringe spacing. The
Kiessig fringes originate from the coherence between individual monolayers within a finite size
film, which has a clear interface with the substrate. This interface results naturally when a density
difference between film and substrate is present, for example caused by a change in stoichiometry
or more generally for films with increased d-spacing. The film grown at 0.06 mbars is nearly perfect
with respect to the substrate, but Kiessig fringes are still visible likely due to a single interfacial
monolayer with deviating d-spacing resulting in a phase change between the film lattice and the
substrate lattice.26
As mentioned before, in the supplementary material (Fig. S4),22 we describe experiments per-
formed varying the thickness of the SrTiO3 overlayer. From these measurements we conclude that
an initial stoichiometric layer is stabilised, even when nominally depositing under conditions when
non-stoichiometry would be expected due to lack of oxygen. The stabilisation apparently occurs
with the substrate as the source of oxygen in the picture of oxidation of surface species being the
most important to determine sticking as well as diffusivity. In addition, the process of bulk oxygen
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supply is limited by the surface morphology as well as bulk diffusion of oxygen leading to a finite
interfacial layer thickness as is seen in both XRD (as “missing” thickness) as well as RHEED
oscillations for each individual sample, pointing to a thickness of this layer somewhere between 7
and 11 monolayers.
Finally, the fact that the stoichiometry observed in films grown at absolute oxygen pressure
does depend on the laser fluence and in the case of partial pressures (with a total pressure kept at
0.08 mbars) there was no fluence dependence agrees with the oxidation model. The fluence would
most likely affect the elemental specific spatial distribution in the ballistic regime because of mass
differences. This effect is suppressed by the plume confinement in the diffusive regime.
Our overall conclusion from the XRD and RHEED analyses of films grown under different
oxidising ambient conditions is that both stoichiometry as well as surface diffusivity were controlled
by the oxidation of arriving species and not so much their kinetic energy. We have indirect evidence
that for PLD the oxidation can be controlled within the plasma plume before species arrive on
the growth surface, in addition to the observed oxygenation by substrate or target oxygen. We
expect the better understanding of PLD thin film growth using oxides will lead to improved, bet-
ter controlled thin films. This observation will have broader implications on the interpretation of
observed growth behaviour for various thin film techniques.
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